Synaptotagmin is a multifunctional membrane protein which may regulate exo-endocytic cycling of synaptic vesicles at the presynaptic plasmalemma. Its C2B domain has been postulated to interact with a variety of effector molecules including acidic phospholipids, phosphoinositides, SNAREs, calcium channels, and the clathrin adaptor complex AP-2. Here we report that a basic motif within the C2B domain is required and sufficient for binding to AP-2 via its µ2 subunit and that this interaction is dependent on multimerization of the AP-2 binding site. Moreover, we show that upon fusion to a plasma membrane reporter protein this sequence is sufficient to target the chimeric molecule for internalization. We hypothesize that basic motifs within multimeric membrane proteins may represent a novel type of clathrin/ AP-2-dependent endocytosis signal. 
Introduction
for 15 min at RT. Liposomes wer reisolated by ultracentrifugation, washed and bound proteins were analyzed by SDS-PAGE.
Liposome incubation of washed GST-C2B.
Washed GST-C2B (2 mg/ ml; in 20 mM HEPES-KOH pH7.4) was preincubated with 2 mg/ ml liposomes (60% PC, 20% PE plus 20% of either PC orPS (w/w)) plus 1 mM CaCl 2 for 30' at RT, then for 45' at 4°C (rotating wheel). Samples were washed once in 20 mM HEPES-KOH pH 7.4.
Liposomes were disrupted by addition of 1% Triton X-100 in HBS (pH 7.4) and binding of AP-2 (from coat proteins) or µ2 was analyzed as described below.
Oxidation/ reduction of cysteine-linked fusion proteins.
To obtain mono-or dimeric GST-Cys-KR (or Cys-KR) or multimeric GST-Cys 6 -C2B fusion proteins the high-salt-treated proteins bound to beads were incubated with 1 mM DTT or 200 µM copper(II)-sulfate plus 600 µM (1,10)-phenanthroline for 30 min at room temperature. Samples were washed three times with HEPES-buffered saline and resuspended in HBS. Proteins were used within 24 h after purification.
Pulldown experiments.
His 6 -tagged µ2 (50 µ g) immobilized on beads was incubated with CHAPS-extracted rat brain synaptosomes (1 mg/ ml) in buffer A (10 mM HEPES-KOH pH 7.4, 100 mM NaCl, 1% CHAPS, 1mM PMSF plus protease inhibitor cocktail) for 2 h at 4°C. Samples were washed 3X with 50 volumes of buffer A, eluted with SDS-PAGE sample buffer and analyzed by SDS-PAGE and immunoblotting. For studies using recombinant GST, GST-KR or GST-(Cys)-C2B clathrin coat proteins (60 µg/ ml) or recombinant µ2 (30 µg/ ml) were diluted into HEPES-buffered saline containing 1 mM PMSF plus 1% triton X-100 and incubated with 30 µg of the respective GST fusion protein in a final volume of 0.5 mL for 2 h at 4°C. Samples were washed thoroughly, eluted with SDS-PAGE sample buffer and analyzed by SDS-PAGE and staining with Coomassie Blue or immunoblotting.
Immunoprecipitations.
Rat brain synaptosomes were kept in 20 mM HEPES-KOH (pH 7.4)/ 320 mM sucrose/ 50 mM KCl/ 1 mM CaCl 2. Solubilization buffer was added to give a final concentration of 20 mM HEPES-KOH (pH 7.4)/ 160 mM sucrose/ 100 mM KCl/ 400 µM CaCl 2 / 2 mM MgCl 2 / 1% triton X-100 at a protein concentration of 3 mg/ ml. Solubilized material was precleared by centrifugation, synthetic peptides (100 µM) were added where indicated, and finally samples were subjected to immunoprecipitation with monoclonal antibodies against γ-glutamic acid decarboxylase (GAD6; control) or α−adaptin (clone AP.6) for 4 h at 4°C. Beads were washed 4X and bound proteins were eluted with SDS-PAGE sample buffer.
Transfection and internalization assay.
PC12 or HEK293 cells were transiently transfected with plasmids encoding c-myc-synaptotagmin I, CD4, tetrameric CD4 tailless -AA, or tetrameric CD4 tailless -KR using Lipofectamine 2000 TM and assayed 24 h post-transfection. Cells were starved in serum-free medium for 2 h. PC12 cells were chilled on ice, then anti-c-myc were allowed to bind for 1 h at 4°C. For HEK293 cells anti-CD4 antibodies (Q4120) were diluted in serum-free medium, added directly to the cells, and allowed to become internalized. Cells were incubated for 30 min at 37°C, thoroughly rinsed with PBS, fixed with 4%
paraformaldehyde, and decorated with Alexa 488 -labelled secondary antibodies under nonpermeabilizing conditions for 2 h at RT. Remaining surface-exposed antibodies were blocked by adding excess unlabeled goat-anti-mouse IgG. Internalized protein was detected by decoration with Alexa 594 -labelled secondary antibodies after triton X-100 permeabilization. For quantification CD4 chimera expressing cells were scored on a relative scale. Cells undergoing 'strong internalization', had internalized the majority of CD4 or CD4 chimeras during the 30 min incubation period.
Transfected cells were scored as undergoing 'weak-to-moderate' internalization, if a minor fraction of the expressed protein had been endocytosed. For quantification of myc-synaptotagmin I endocytosis a binary mask was applied to determine the ratio of internalized over surface-exposed myc-synaptotagmin I from epifluorescent images using SlideBook software (3i Inc., USA).
Results
Recent data from several laboratories have implicated basic sorting signals in the regulation of ligand-dependent internalization of multimeric membrane proteins such as AMPA-type glutamate and α1B-adrenergic receptors via association with the µ2−subunit of the clathrin adaptor complex AP-2 (25,26) ¶ . A similar basic motif has been shown to function as the major AP-2 binding site within the C2B domain of the multimeric SV membrane protein synaptotagmin (5, 14) . Mutation of this basic motif has been shown to block the direct association of GST-tagged recombinant synaptotagmin I with µ2−adaptin (17) , suggesting that it may connect synaptotagmin to the endocytosis machinery. In order to confirm this hypothesis we investigated the ability of mutated synaptotagmin I in which two critical lysine residues within the presumed AP-2 binding site ( Fig.   2A , asterisk) have been mutated to alanines to undergo enodcytosis in PC12 cells. In agreement with data from other laboratories (27) we found that mutant synaptotagmin I was compromised in its ability to become internalized from the cell surface (Fig.1A, B ). This indicates that two conserved lysine residues within the basic AP-2 binding site of synaptotagmin I-C2B are required for efficient endocytosis in PC12 cells.
Association of native synaptotagmin I with AP-2 or recombinant µ2 can be blocked by a basic
C2B domain-derived peptide
Basic lysine-rich sequences comprising the putative AP-2 binding site within the C2B domain are highly conserved between different synaptotagmin family members in mammals ( Fig.   2A ). In order to find out whether this lysine-rich sequence within C2B contributes to the association of native synaptotagmin I with endogenous AP-2 in the brain we performed co-immunoprecipitation experiments in the presence or absence of a synthetic peptide comprising the putative AP-2 binding site of synaptotagmin I (KR peptide). We immunoprecipitated AP-2 and associated proteins from triton-X-100-lysed rat brain synaptosomes in the presence or absence of the basic peptide and analyzed the samples for the presence of synaptotagmin I and clathrin. Consistent with previous mapping studies (14) synaptotagmin I could be detected in mock-treated samples but was absent from immunoprecipitates obtained from KR peptide-treated lysates. By contrast, the association of clathrin with AP-2 remained unaffected (Fig. 2B ). To test wether the association of AP-2 and native synaptotagmin I involved µ2 we performed affinity chromatography experiments. As expected hexahistidine-tagged µ2−adaptin selectively pulled down synaptotagmin I but not synaptophysin, another major synaptic vesicle protein ( was seen if a di-leucine motif containing peptide was taken instead. These data indicate that native synaptotagmin I binds to AP-2 via interactions of µ2 adaptin with a basic motif within the C2B domain.
Binding of synaptotagmin-C2B to µ2-adaptin in vitro is modulated by oligomerization
Since many of the proteins carrying basic internalization motifs are multimeric membrane proteins we wondered whether binding of synaptotagmin's C2B domain to AP-2µ might be modulated by oligomerization. To this aim we studied the interaction between synaptotagmin I and µ2 further by affinity chromatography using recombinant bacterially expressed fusion proteins.
Conventionally purified GST-C2B displayed robust binding to µ2-adaptin (Fig. 3A , untreated). C2
domains have been shown to form non-covalent oligomers (6, 28) . Moreover, bacterially expressed recombinant C2B has been shown to contain nucleic acid contaminants which may facilitate oligomerization and/ or affect its interaction with other molecules. We therefore analyzed the ability of high-salt washed, nuclease-treated monomeric GST-C2B to associate with µ2-adaptin.
Surprisingly, this treatment rendered C2B almost incapable of binding to µ2 (Fig. 3A, washed) . The binding of negatively charged nucleic acids to recombinant C2B may reflect the propensity of the molecule to associate with negatively charged phospholipid headgroups which in the case of phosphatidylserine (PS) has been shown to induce calcium-triggered C2 domain oligomerization (12) . Calcium-induced synaptotagmin oligomerization is likely to be of physiological relevance during excitation-secretion coupling. Hence, we analyzed whether addition of PS and calcium would restore the ability of GST-C2B to bind to AP-2µ. Indeed, pretreatment of washed GST-C2B with PS-containing liposomes in the presence of calcium completely restored its ability to bind to purified µ2. Other lipids such as phosphatidylcholine (PC; Fig.3A ), phosphatidylaethanolamine, phosphoinositides including PI(4)P , PI(4,5)P 2 , PI(3,4,5)P 3 or inositolpolyphosphates (supplementary figure 1) were ineffective. No binding of µ2 to washed GST-C2B was seen in the presence of EGTA. This effect was unlikely due to a bridging function of µ2, since µ2 itself was unable to bind to PS-containing liposomes irrespective of the presence of calcium, but was instead capable of associating with PIP 2 (Fig. 3B ) which did not restore µ2-binding to C2B. Similar results were seen for the association of washed GST-C2B with native AP-2 from brain extracts (Fig. 3C ).
Pretreatment of bead-bound GST with PS-containing liposomes did not result in AP-2 binding (data not shown). The interaction of PS-treated, washed GST-C2B with AP-2 displayed characteristics previously described for the interaction of native synaptotagmin I with AP-2 adaptors (15). Addition of a tyrosine-based endocytic sorting motif peptide (YQRL) stimulated the association of PS-treated GST-C2B with AP-2 from brain whereas an inactive mutant (AQRL) had no effect (supplementary figure 2). We also analyzed the binding of recombinant GST-C2B to synprint, the synaptotagmin binding site of N-type calcium channels (29) . As seen for AP-2, high-salt treatment of recombinant GST-C2B rendered the fusion protein unable to recognize histidine-tagged synprint. However, binding activity could be restored by preincubation with PS-but not PC-containing liposomes (Fig.   3D ). Thus, negatively charged PS can restore the ability of nucleic acid-free C2B to associate with either AP-2 or N-type calcium channels.
Binding of recombinant synaptotagmin I C2B domain to native AP-2 or recombinant µ2-adaptin is dependent on multimerization
To test directly whether the ability of C2B to bind to AP-2 is dependent on synaptotagmin oligomerization, we constructed chimeric fusion proteins comprising GST, a tetracysteinecontaining peptide linker, and the C2B domain of synaptotagmin I. The oligomerization state of such a chimeric protein can be controlled in vitro by adjusting the redox conditions (30) . In the presence of the reducing agent DTT, the fusion protein migrated as a single band of approximately 42 kDa. Copper (II)-phenanthroline-catalyzed oxidation of the cysteine residues in the spacer peptide resulted in the formation of dilsulfide-linked oligomers, mostly trimers and tetramers of 85 and 140 kDa, respectively (Fig.4A) . We then assayed mono-or multimeric, washed GST-Cys-C2B
fusion proteins for their ability to bind to µ2-adaptin. Strikingly, only oxidized, multimeric forms of the C2B fusion protein bound effectively to µ2, whereas reduced, monomeric C2B did not bind in the absence of PS and calcium (Fig. 4B) . Similar results were seen for native AP-2 complexes (Fig.   4C ). No binding to GST pretreated with oxidizing or reducing reagents could be detected. The association of multimeric GST-Cys-C2B with AP-2 was specific, as it could be inhibited by low micromolar concentrations of the basic C2B-derived (KR) but not by a dileucine motif-containing peptide (Fig. 4D ). These data indicate that multimerization might be a prerequisite for the recognition of the basic AP-2 binding motif within the C2B domain of synaptotagmin I.
The basic C2B peptide is sufficient for binding to AP-2 or µ2-adaptin
To determine whether the basic motif within the C2B domain is not only required but also sufficient for AP-2 binding, we created a GST-fused synaptotagmin peptide (GST-KR). Upon incubation with triton X-100 extracted rat brain homogenate the GST-KR peptide pulled down AP-2 and this interaction could be competed by addition of the chemically synthesized soluble KR peptide. No competition was seen if a di-leucine-motif-containing control peptide was added instead. Concomitant presence of a peptide encompassing a tyrosine-based endocytosis motif (YQRL) stimulated the interaction between native AP-2 and the GST-KR fusion protein (Fig. 5A ).
GST-KR was also capable of efficiently interacting with purified recombinant µ2 and this interaction could be blocked by addition of soluble KR but not by the YQRL peptide (Fig. 5B) . In this case, no stimulatory effect of the YQRL peptide could be detected, in agreement with earlier findings using GST-C2B and in vitro translated µ2 (17).
Since recognition of the C2B domain apparently is dependent on multimerization we set out to define the minimal requirements for this association using the GST-KR peptide chimera and recombinant AP-2 core complexes (23) . To this aim we constructed a fusion protein in which the basic KR peptide was connected to GST via a single cysteine residue. Upon exposure to oxidizing conditions this fusion peptide dimerizes. As seen before for the intact C2B domain, high-saltwashed reduced GST-Cys-KR was incapable of binding to recombinant AP-2 cores, but binding activity could be restored by cystine-mediated dimerization (Fig.5C ). Fully assembled AP-2 core complexes lacking the distal 278 amino acids of µ2 encompassing the putative synaptotagmin binding site (17) were unable to bind to GST-Cys-C2B (Fig. 6A) or GST-Cys-KR (not shown)
irrespective of its oligomerization status. We then measured the affinity of chemically synthesized, mono-or dimeric KR peptides (more than 95% pure) for AP-2 cores by surface plasmon resonance (SPR). Dimerization drastically increased the affinity of the C2B-derived KR peptide for AP-2 cores about 50-fold, resulting in high-affinity binding with a dissociation constant of about 220 nM (Fig.   6B ).
The basic KR peptide supports endocytosis of tetrameric CD4 chimeras in living cells
We finally wanted to determine the physiological relevance of the interaction between the basic KR motif derived from synaptotagmin I and AP-2 for the internalization of plasma membrane receptors in living cells. To assess the ability of the KR peptide to faciliate internalization of an otherwise non-endocytosed reporter protein we grafted the basic motif onto the extracellular and membrane-spanning domains of the T cell surface glycoprotein CD4 (31). We transfected HEK293 cells with constructs encoding either wild-type CD4 which bears a di-leucine-type internalization motif within its cytoplasmic domain, or artificially tetramerized (32) tailless mutants in which the cytoplasmic tail of CD4 had been replaced with the basic C2B domain peptide from synaptotagmin I (CD4 tailless -KR), or a poly-alanine control peptide (CD4 tailless -AA). Wild-type CD4 as well as tetrameric CD4 tailless -KR were robustly internalized whereas the tetrameric CD4 tailless -AA mutant was not (Fig. 7A, B) . Weak internalization was detectable if the C2B domain peptide was presented in the context of monomeric CD4 (not shown). These data indicate that presentation of the basic synaptotagmin-derived AP-2 binding peptide as a tetramer is sufficient to restore internalization of a tailless CD4-chimeric mutant protein.
Discussion
In the present study we have investigated the interaction between the cycling synaptic vesicle membrane protein synaptotagmin and the endocytic clathrin adaptor complex AP-2. Consistent with earlier mapping studies (14, 17) we have found that a basic region within the C2B domain of synaptotagmin I is required and sufficient for the association with AP-2 which mainly occurs via its µ2 subunit. Based on in vitro experiments using recombinant fusion proteins and functional studies in living cells we have revealed a requirement for synaptotagmin-C2B multimerization for recognition by the µ2 subunit of AP-2 or binding to the synprint region of N-type calcium channels (29) . This interaction is specific as it could be inhibited by a basic peptide encompassing the putative AP-2 and synprint binding site within the C2B domain (14) . Moreover, we have demonstrated here that a chemically synthesized dimeric KR peptide binds to AP-2 with nanomolar affinity. Similarly, mutations within this basic stretch have been shown to abolish the interaction between synaptotagmin I and AP-2 or synprint both in vitro (14) and in transfected neuroendocrine cells (27) . Multimerization of the C2B domain or the basic motif can be accomplished by two distinct mechanisms in vitro: calcium-dependent binding to acidic phospholipids (12) or cysteinemediated crosslinking. Indeed, both mechanisms have been described to mediate calcium-dependent as well as calcium-independent homo-and heterooligomerization of native synaptotagmins (5, 6, 10, 28) . We thus believe that our results are of physiological relevance. Multimerization may therefore be a prerequiste for the correct functioning of synaptotagmin in excitation-secretion coupling via calcium channels as well as in SV membrane retrieval.
The finding that synaptotagmin binding to AP-2 may depend on the correct assembly of synaptotagmin into multimers lends further support to a number of biochemical (13, 15) , genetic (18) (19) (20) and physiological studies (20) (21) (22) that suggest a role for synaptotagmin in SV recycling, in addition to its established function in calcium-dependent neurotransmitter release (6,7).
Synaptotagmin internalization in vivo in addition to AP-2 presumably depends on or is facilitated by other adaptor proteins such as stonin 2, a synaptotagmin I-and AP-2 binding protein in brain (33, 34) . (C) Affinity purification of synaptotagmin I from CHAPS-extracted rat brain synaptosomes (1 mg/ ml) using His 6 -tagged (50 µg) analyzed by SDS-PAGE and immunoblotting for clathrin heavy chain (HC), synaptotagmin I, and synaptophysin. Ctrl, material affinity-purified using His 6 -tagged arfaptin as affinity matrix.
(D) Affinity purification of synaptotagmin I using His 6 -tagged µ2 in the presence of 100 µM of the indicated peptides (see experimental procedures for details). Samples were analyzed as in (B). (A) Affinity purification of AP-2 from rat brain extracts using a GST-fused KR peptide. GST or GST-KR fusion protein (30 µg) immobilized on beads were incubated with triton X-100-extracted rat brain homogenate in the presence of the indicated peptides for 1 h at 4°C. Samples were washed and eluted proteins were analyzed by SDS-PAGE and immunoblotting for AP-2α.
(B) Binding of µ2-adaptin to the GST-fused KR peptide. GST or GST-KR fusion protein (30 µg)
immobilized on beads was incubated with µ2 (amino acids 157-435) in the presence of the indicated synthetic peptides (100 µM) for 1 h at 4°C. Samples were washed and eluted proteins were analyzed by SDS-PAGE and staining with Coomassie Blue. 25% Std, 25% of the total amount of µ2 added to the assay.
(C) Mono-or dimeric, high-salt-treated GST or GST-KR bound to beads was incubated with AP-2
'cores' for 1 h at 4°C. Samples were washed and analyzed by SDS-PAGE and staining with Ponceau S (top) followed by immunoblotting against α− and µ2-adaptins (bottom). 25% Std, 25% of the total amount of AP-2 'cores' added to the assay. 
